Objective-Mutations affecting contractile-related proteins in the ECM (extracellular matrix), microfibrils, or vascular smooth muscle cells can predispose the aorta to aneurysms. We reported previously that the LRP1 (low-density lipoprotein receptor-related protein 1) maintains vessel wall integrity, and smLRP1 −/− mice exhibited aortic dilatation. The current study focused on defining the mechanisms by which LRP1 regulates vessel wall function and integrity. Approach and Results-Isometric contraction assays demonstrated that vasoreactivity of LRP1-deficient aortic rings was significantly attenuated when stimulated with vasoconstrictors, including phenylephrine, thromboxane receptor agonist U-46619, increased potassium, and L-type Ca 2+ channel ligand FPL-64176. Quantitative proteomics revealed proteins involved in actin polymerization and contraction were significantly downregulated in aortas of smLRP1 −/− mice. However, studies with calyculin A indicated that although aortic muscle from smLRP1 −/− mice can contract in response to calyculin A, a role for LRP1 in regulating the contractile machinery is not revealed. Furthermore, intracellular calcium imaging experiments identified defects in calcium release in response to a RyR (ryanodine receptor) agonist in smLRP1 −/− aortic rings and cultured vascular smooth muscle cells. ions), which signaling pathways induce by promoting influx from extracellular sources or releasing from intracellular stores.
A ortic aneurysms and dissections are often undiagnosed but can be fatal. The absence of effective medical therapies is because of our incomplete understanding of aortic disease development. Both disruption of VSMC (vascular smooth muscle cells) contractile function and aberrant ECM (extracellular matrix) synthesis and fragmentation contributes to aortic disease.
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VSMCs express a unique repertoire of contractile, and ion channels proteins, and signaling molecules that are required for contractile function. 3 Unlike skeletal or cardiac myocytes that are terminally differentiated, VSMCs retain remarkable plasticity 4 and can undergo phenotypic switching between contractile and synthetic state. 5, 6 The phenotypic state of VSMCs plays a critical role in blood vessel development and homeostasis. This plasticity may contribute to major vascular disease states, such as aortic aneurysm and dissections, 7, 8 atherosclerosis, and hypertension. 6 Phenotypic switching of VSMCs during vascular disease states is triggered by stimuli received from the local microenvironment. [8] [9] [10] Numerous genes have been identified as causing thoracic aortic aneurysm 11, 12 and highlight the importance of maintaining appropriate interactions between VSMCs and medial ECM. These interactions include those between VSMCs and elastin fibers, which are critical for mechanotransduction-a process in which smooth muscle cells (SMCs) convert mechanical stimuli into biochemical signals.
The actin-myosin contractile apparatus mediates the force generation responsible for VSMC contraction. 13, 14 This process requires an increase in cytosolic concentrations of Ca 2+ (calcium ions), which signaling pathways induce by promoting influx from extracellular sources or releasing from intracellular stores. 15 Extracellular Ca 2+ influx is mediated by ion channels located in the plasma membrane. The most prominent is an L-type voltagedependent Ca 2+ channel (Ca v 1.2). 16 The largest pool of Ca 2+ in VSMCs is located in the sarcoplasmic reticulum, which releases Ca 2+ through inositol 1,4,5-trisphosphate and RyRs (ryanodine receptors). These 2 mechanisms tightly control intracellular Ca 2+ levels to balance vasoconstriction versus vasorelaxation of VSMCs. 17, 18 Defects in Ca 2+ signaling and VSMC contraction also predispose individuals to aortic aneurysm formation. 19 Our studies have identified the LRP1 (low-density lipoprotein receptor-related protein 1) as a major VSMC receptor with a crucial role in maintaining vessel wall integrity. 20 However, the molecular mechanism(s) by which LRP1 functions in vessel wall homeostasis is not well understood. LRP1 is a large endocytic protein with a major function of trafficking its ligands into the cell and mediating their lysosomal degradation. 21, 22 Genome-wide association studies have revealed that variants in the LRP1 gene are associated with vascular diseases, including aneurysms. [23] [24] [25] [26] In mice, genetic deletion of LRP1 in SMCs (smLRP1
) results in development of spontaneous thoracic aneurysms, as well as progressive aortic root growth, aberrant thickening of the aortic media, and fragmentation and disarray of elastic fibers. 20, 27 In addition, smLRP1 −/− mice showed a significant increase in collagen deposition, a potential consequence of increased TGF-β (transforming growth factor-β) signaling, 28, 29 and excessive accumulation of connective tissue growth factor 20 -an LRP1 ligand 30 and key mediator of fibrosis. 31 In the current study, we identify an essential role for VSMC LRP1 in controlling contractility by regulating Ca 2+ signaling events important for actin polymerization and cytoskeletal dynamics. This newly identified function of LRP1 is likely pivotal for its remarkable ability to modulate vascular homeostasis, which if disrupted, leads to aneurysm formation.
Materials and Methods
The authors believe all supporting data are available within the published article. Additional data inquiries should be directed to the corresponding author. Details of the major resources can be found in the online-only Data Supplement.
Animals
Animal studies were approved by the Institutional Animal Care and Use Committee of the University of Maryland, School of Medicine, and the University of Kentucky. All mice were weaned at 3 weeks of age, maintained on a 12-hour light/dark cycle, fed a standard rodent diet (4% wt/wt fat; Harlan Teklad), and given water ad libitum. Embryonic deletion of lrp1 in VSMC was achieved by crossing transgenic mice expressing Cre recombinase under the control of an SM22 SMC-specific promoter with mice expressing loxP sites flanking the lrp1 gene. After extensive backcrossing, the resulting offsprings, lrp1 ), were used in experimental studies with WT littermates serving as controls. All studies were performed on male mice. Because young mice (10-day-old and 15-week-old) were analyzed in the current study, we chose to use only male sex. Genetic studies show that male sex is associated with more severe and earlier onset of symptoms. Studies on animal mouse models of thoracic aortic aneurysm either did not specify or exclusively used male mice. 32 Postnatal deletion of lrp1 in VSMC was achieved by using transgenic smooth muscle actin SMA-Cre-ER T2 mice 33 
Quantitative Reverse Transcription Polymerase Chain Reaction
Total RNA from WT and smLRP1 −/− descending thoracic aorta (DTA) was isolated using TRIzol Reagent (Invitrogen) as directed by the manufacturer. Total RNA (1 µg) was then used to synthesize cDNA using the RT 2 First Strand Kit (Qiagen). Real-time polymerase chain reaction was performed on a 7900HT Sequence Detection System (Applied Biosystems) using the RT 2 SYBR Green ROX qPCR Mastermix (Qiagen) and RT 2 Profiler Mouse Hypertension PCR Array (Qiagen). Relative gene expression data were analyzed using the 2 −ΔΔCt method. Gapdh was used as for data normalization. 
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Immunoblotting
DTAs were dissected from WT and smLRP1 −/− mice, and the perivascular adipose tissue and adventitia were removed. Aortic tissue was extracted as detailed in the online-only Data Supplement. Equal amounts of tissue homogenates were separated on a Novex 4-12% Tris-Glycine Mini Protein Gel (Invitrogen) and electrophoretically transferred to a nitrocellulose membrane (Thermo Scientific). The membrane was blocked with 3% Blotting-Grade Blocker (Bio-Rad) and incubated with the following primary antibodies overnight at 4°C: Ca v 1.2 calcium channel at 2 μg/mL (MAB13170; EMD Millipore), PKG (protein kinase G) at 1:1000 (ADI-KAP-PK005-D; Enzo Life Sciences), filamin A at 1:1000 (MAB1678; EMD Millipore), smooth muscle Myh11 (myosin heavy chain 11) at 1:1000 (ab53219; Abcam), MYLK (myosin light chain kinase) at 1:1000 (EP1458Y; Abcam), anti-LRP1 antibody (2629) at 2.5 µg/mL, α-smooth muscle actin at 1:200 (1A4; Sigma-Aldrich), GAPDH (14C10) at 1:1000 (2118; Cell Signaling Technology), and Hsp90A.1 at 1.5:1000 (PA5-49672; Invitrogen). The membrane was washed 3× with 0.05% Tween 20 (Sigma-Aldrich) in tris-buffered saline, and antibody binding to the membrane was detected with IRDye 800CW Donkey anti-mouse IgG or 680RD donkey anti-rabbit IgG secondary antibody (LI-COR Biosciences) at a concentration of 1:5000. The membrane was then washed 3× with tris-buffered saline and imaged using a LI-COR Odyssey Infrared Imaging System. Protein abundance was quantified by densitometry using ImageJ (National Institutes of Health) and normalized to GAPDH or Hsp90. After each stimulus, aortic rings were washed and re-equilibrated for 15 to 30 minutes before application of the next stimulus. Force measurements were acquired and recorded using LabChart Pro (ADInstruments). For each stimulus, aortic rings were normalized to their respective baseline force measurement recorded immediately before addition of the stimulus. Aortic ring isometric contraction assays using PE are presented as means±SEM with 95% CIs indicated.
Aortic Ring Isometric Contraction Assay
Global Quantification of Protein Expression
DTAs were dissected from 10-day-old WT and smLRP1 −/− mice, and perivascular adipose tissue and adventitia were removed. For each experiment, 5-mm-long aortic sections from 4 WT and 4 smLRP1 −/− mice were pooled based on genotype and subjected to differential extraction. 34 The final extract was then processed for proteomics analysis using the filter-aided sample prep method. 35 Peptides were isotopically labeled by reductive alkylation, fractionated, 36 and analyzed by rpLC-MS/MS (reverse phase liquid chromatography followed by mass spectrometry analysis) using a 2-hour separation gradient for each fraction. Raw data from the 4 biological replicates were processed using MaxQuant (v1.5.5.1) 37 against a SwissProt mouse database (v2017_06). Initial precursor mass tolerance was set to 30 ppm, and an MS/MS mass tolerance of 0.7 Da with Match Between Runs enabled. Search results were filtered with a false discovery rate of 0.01 with a minimum of 2 peptides quantified. Median normalization and statistical analyses were performed in the R programming language (v3.4.0). 38 Protein differential expression was assessed using empirical Bayes moderated t tests implemented in the limma (v3. 32.2) 39 R package and controlled for multiple hypothesis testing using the Q value (v2.8.0) 40 R package. Differentially expressed proteins were considered significant with a Q value ≤0.05 and fold change ≥2 in either direction. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Proteomics Identifications Database) 41 partner repository with the dataset identifier PXD007544.
Immunofluorescence
Freshly dissected DTAs from WT-, smLRP1 −/− -, tamoxifen-, and vehicle-induced smaLRP1 mice were embedded in Tissue-Plus OCT Compound (Scigen; 4583), frozen using 2-methylbutane (Sigma; M-32631) on dry ice, and transferred to dry ice before storage at −80°C. Frozen tissue blocks were cut into 10 µm sections and mounted on glass slides. Mounted sections were fixed in 100% ethanol (Pharmco-AAPER; 111000200) for 10 minutes, washed 3× with PBS, followed by 3 washes with PBS, 1% BSA, and 0.2% Tween 20 (wash buffer) in a humidified chamber. Sections were then blocked with goat serum (Sigma; G-9023) at 1:50 in wash buffer for 30 minutes. After blocking, sections were incubated with rabbit anti-LRP1 antibody (2629) at a concentration of 10 μg/mL for 90 minutes. Sections were then washed 3× with wash buffer and incubated with secondary antibody goat anti-rabbit IgG Alexa Fluor 488 (Invitrogen; A-11008) at a concentration of 1:200 for 1 hour, protected from light. Sections were washed 3× with wash buffer, followed by 3 washes with PBS, and mounted using Vectashield Antifade mounting medium with DAPI (Vector Laboratories; H-1200). All steps were performed at room temperature, and all incubation steps and blocking were performed in a humidified chamber. Fluorescent images were captured using a Carl Zeiss LSM 510 META NLO confocal microscope with an EC Plan Neofluar 40×/1.3 Oil DIC M27 objective lens. Images were acquired using Zeiss LSM 510 software and subsequently processed using Zeiss ZEN 2011 (Blue Edition) software.
Surface Plasmon Resonance
Binding of the voltage-gated Ca 2+ (Ca v ) channel α 2 δ-1 subunit (OPCA01496; Aviva Systems Biology) to LRP1 was assessed using a Biacore 3000 optical biosensor system (GE Healthcare Life Sciences). Full-length LRP1, purified from placenta, was coupled to a Sensor Chip CM5 (BR-1003-99; GE Healthcare Life Sciences) using an Amine Coupling Kit (BR-1000-50; GE Healthcare Life Sciences). Binding of various concentrations of ligand was tested as detailed in the online-only Data Supplement.
Intracellular Calcium Imaging by Fluorescent Confocal Microscopy
DTAs from WT and smLRP1 −/− mice were dissected and placed in a tissue culture dish containing 112 mmol/L NaCl, 25.7 mmol/L NaHCO 3 , 4.9 mmol/L KCl, 2.5 mmol/L CaCl 2 , 1.2 mmol/L MgSO 4 , 1.2 mmol/L KHPO 4 , 11.5 mmol/L glucose, 10 mmol/L HEPES, pH 7.4 (modified Krebs buffer) aerated with 100% O 2 . Aortic rings were prepared for imaging as detailed in the online-only Data Supplement. 42 Changes in intracellular Ca 2+ concentrations to various stimuli were imaged and recorded at room temperature using a Carl Zeiss LSM 5 LIVE confocal system mounted on an Axiovert 200 M inverted microscope equipped with a gravity-fed semilocal perfusion apparatus (AutoMate Scientific, Inc). Excitation for rhod-2 was provided by the 532-nm line of a 50-mW diode laser at 2%, and emitted light was collected at >550 nm. Individual rings were imaged with a 10×/0.3 numerical aperture objective lens. Multiple rings were analyzed from each animal, and multiple animals were analyzed for each genotype. Details of image recordings and analysis are included in the online-only Data Supplement.
Isolation and Culture of Mouse Aortic SMCs
Female mice were used for all in vitro experiments because sex does not matter in vitro. DTAs were dissected from multiple 19-to 25-week-old WT and smLRP1 −/− mice, placed in Dulbecco PBS (Corning) supplemented with 1% antibiotic-antimycotic solution (A/A; Corning), and kept on wet ice. Aortas were pooled based on genotype. The perivascular adipose tissue and adventitia was removed from each aorta, and aortas were cut open longitudinally and gently scraped on the lumen side to remove endothelial cells. Aortas were then incubated in DMEM (Corning), 20% fetal bovine serum (FBS; Sigma-Aldrich), 1% A/A overnight at 37°C, 5% CO 2 . The following day, aortas were washed with Dulbecco PBS and digested with 300 U/mL collagenase, type 2 (Worthington Biochemical Corp), and 0.7 U/mL elastase (Worthington Biochemical Corp) in DMEM, 1% A/A for 1 hour at 37°C, 5% CO 2 . After digestion, aortas were triturated to obtain a single-cell suspension, and cells were centrifuged at 1200 rpm for 7 minutes. Cells were resuspended and cultured in Clonetics SmGM-2 growth medium (Lonza), 10% FBS on 0.1% gelatin (Sigma-Aldrich)-coated tissue culture dishes. Cultures were maintained at 37°C, 5% CO 2 in a humidified atmosphere.
Cell Proliferation Assay
Mouse aortic SMCs (mAoSMCs) from DTAs were isolated and cultured as described above and used in proliferation assays at passage 2. Cells were trypsinized and resuspended at 2×10 5 cells per mL in Clonetics SmGM-2 growth medium containing 10% FBS. Cells were then seeded at 4.5×10 4 cells per well (225 μL of the cell suspension) in a 48-well tissue culture plate precoated with 0.1% gelatin and incubated at 37°C, 5% CO 2 (0-hour time point). At each subsequent interval, 25 μL of PrestoBlue Cell Viability Reagent (Invitrogen) was added to each well and incubated at 37°C, 5% CO 2 for 20 minutes. Fluorescence intensity was read using a Tecan GENios Pro plate reader (excitation, 550 nm; emission, 612 nm; gain, 30). After each fluorescent reading, the media/dye solution was removed from each well and replenished with 225 μL of fresh SmGM-2 growth medium, 10% FBS. Fluorescence intensity was read at 4, 16, 24, 48, 72, and 96 hours, and cells were maintained at 37°C, 5% CO 2 in a humidified atmosphere between time points. Each well was normalized to its respective fluorescence intensity at the 4-hour time point.
Intracellular Calcium Imaging of Isolated mAoSMCs by Fluorescent Confocal Microscopy
DTAs were dissected from multiple 8-to 18-week-old male and female WT and smLRP1 −/− mice. mAoSMCs were isolated as described above from individual DTAs and cultured in vascular smooth muscle cell growth medium (ATCC), 10% FBS on 0.1% gelatin (Sigma-Aldrich) coated 35 mm glass bottom culture dishes (MatTek Corporation). Cultures were maintained at 37°C, 5% CO 2 in a humidified atmosphere until imaging by confocal microscopy at passage 1 to 2. Growth medium was aspirated from each dish, and mAoSMCs were incubated in Krebs buffer with 1 μM rhod-2-AM (Life Technologies) for 30 minutes at room temperature protected from light. After 30 minutes, the buffer-dye solution was aspirated from the culture dish, and dye-loaded mAoSMCs were incubated in Krebs buffer for an additional 30 minutes at room temperature protected from light. Resting steady-state fluorescence levels (F 0 ) were imaged and recorded for 3 to 9 cells per dish at room temperature using a Fluoview 500 confocal system mounted on an Olympus IX71 inverted microscope and viewed with a 60×/1.20 numerical aperture water immersion objective. Fibers were excited at 532 nm, and the fluorescence emitted >550 nm was detected. Images were analyzed as detailed in the online-only Data Supplement.
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FlexStation Intracellular Calcium Assays of Isolated mAoSMCs
DTAs were dissected from multiple 8-to 19-week-old male and female WT and smLRP1 −/− mice. mAoSMCs from DTAs were isolated and cultured as described above in Clonetics SmGM-2 growth medium (Lonza), 10% FBS and used in FlexStation intracellular calcium assays at passage 3. Cells were seeded at 4×10 3 cells per well in a 96-well clear bottom, black tissue culture plate (Corning) precoated with 0.1% gelatin and incubated at 37°C, 5% CO 2 in a humidified atmosphere for ≈48 hours. After 48 hours, the growth medium was removed from the adherent cell cultures, and cells were loaded with fluo-4 NW indicator dye as per manufacturer's instructions (Molecular Probes; F36206). Tissue culture plates were incubated at 37°C for 30 minutes and then at room temperature for an additional 30 minutes protected from light. Baseline fluorescence (F 0 ) was measured (excitation at 485 nm, emission at 538 nm) at room temperature using a FlexStation 3 Benchtop Multi-Mode Microplate Reader (Molecular Devices) and Softmax Pro 5.4.6 software (Molecular Devices). Changes in intracellular [Ca 2+ ] upon stimulation with 1 mmol/L 4-CmC were measured and recorded using the automated fluidics capabilities of the FlexStation 3 microplate reader. Measurements were recorded immediately after 4-CmC addition at 2-s intervals for a total of 20 minutes. Each sample (ie, n) represents mAoSMCs isolated and combined from 1 male and 1 female mouse, and each replicate represents 1 well of the 96-well plate.
The change in fluorescence normalized to the baseline fluorescence (∆F/F 0 ) was calculated for each time point, and replicate ∆F/F 0 values (12) (13) (14) (15) (16) were averaged for each sample. Sample ∆F/F 0 values were then combined to obtain average ∆F/F 0 values for each genotype. Average ∆F/F 0 values for each genotype were adjusted by subtracting the respective zero time point ∆F/F 0 value (ie, initial time point y=0), and adjusted ∆F/F 0 values were plotted as a function of time. The data were fit to a single exponential curve with a drift component to account for nonspecific fluorescence (GraphPad Prism 7.0 Software).
Scanning Electron Microscopy
WT and smLRP1 −/− mice were euthanized, flushed, and dissected as described above for transmission electron microscopy. Samples were fixed in 2% paraformaldehyde, 2.5% glutaraldehyde, 2 mmol/L CaCl 2 in 0.1 M PIPES (piperazine-N,N′-bis[2-ethanesulfonic acid]) buffer overnight at 4°C and then conductively stained following a method described by Deerinck et al 46 and as described in the onlineonly Data Supplement.
Transmission Electron Microscopy
WT and smLRP1 −/− mice were euthanized by carbon dioxide asphyxiation, and the whole system was flushed with Dulbecco PBS (Corning) by cardiac perfusion. DTAs were then dissected, fixed in 3% glutaraldehyde, 0.1 M sodium cacodylate (pH 7.4), and stained sequentially with osmium tetroxide, tannic acid, and uranyl acetate. Aortas were dehydrated through a graded methanol series, infiltrated with Epon, embedded in pure Epon, and polymerized. Aortic sections (60 nm) were counterstained with uranyl acetate and lead citrate, and images were captured using a FEI Tecnai T12 transmission electron microscope and Advanced Microscopy Techniques charge-coupled device camera system. Several grids were examined for each aorta.
Histology and Vessel Morphometry
Serial paraffin embedded sections (5 μm) of DTAs from WT, smLRP1 −/− , and smaLRP1 −/− mice were subjected to hematoxylin and eosin, Masson trichrome, and elastic Van Gieson staining. Morphometric measurements were performed using EVOS FL Auto Imaging System software (Invitrogen), and all measurements were performed by operators blinded to sample identification.
Statistical Analyses
Summary data are represented as mean±SEM when data had normal distributions and as medians when data distributions were less well defined. Statistical significance was assessed using parametric 2-sample t test, 2-way ANOVA followed by Bonferroni post hoc tests or nonparametric Mann-Whitney rank-sum test for unpaired data sets. A P value ≤0.05 was set as the threshold for significance.
Results smLRP1 Deficiency Resulted in Reduced Expression of Vasoregulatory Genes in the DTA
A significant decrease in mean arterial blood pressure has been reported in mid-aged smLRP1 −/− mice because of both lower diastolic and systolic pressures. 20 constriction and dilation (Table I in the online-only Data Supplement). These analyses revealed that in the absence of smLRP1, mRNA levels for adra1d (P=0.01; Figure 1A )-a member of the GPCRs (G-protein coupled receptors)-and cacna1c (P=0.036; Figure 1B ) were attenuated compared with WT levels. L-type Ca 2+ channel (Ca v 1.2) protein expression levels were quantified by immunoblotting ( Figure 1C Figure 1D ; P=0.07).
LRP1 Deficiency Resulted in Aberrant SMC Contraction
To evaluate the functional effects of LRP1 deficiency in VSMCs, in vitro vascular contractility was assessed in segments of the DTA by measuring contractile force under isometric conditions. In aortic ring isometric contraction assays, GPCR-induced vasoconstriction responses to 2 agonists were investigated: (1) PE-an α 1 -adrenergic receptor agonist, and (2) U-46619-a thromboxane receptor agonist, which typically elicits an increase in intracellular Ca 2+ and Ca 2+ sensitization of contraction. LRP1-deficient aortic rings completely failed to contract in response to PE stimulation ( Figure 1E ; blue dashed lines: 95% CIs). In addition, U-46619-mediated contractile force was diminished by 50% compared with WT aortas (Figure 1F ; P<0.0001). We also analyzed potassium (120 mmol/L KCl)-induced vasoconstriction, which occurs through a receptor-independent mechanism involving SMC depolarization. Consistent with results obtained with PE, LRP1-deficient aortic rings failed to contract to increased KCl concentrations ( Figure 1G ; P<0.0001). These results are in agreement with previously reported PE and KCl responses in segments of aorta isolated from smLRP1 −/− mice. 49 In addition, Ca v 1.2-mediated contraction was determined by stimulation with the Ca 2+ channel ligand FPL-64176. FPL-64176-induced vascular contraction was significantly reduced (27%; P=0.007) in aortic rings isolated from smLRP1 −/− mice compared with aortic rings isolated from WT mice ( Figure 1H ). However, when aortic segments of smLRP1 −/− mice were incubated with calyculin A-a protein phosphatase inhibitor that prevents dephosphorylation of 20-kDa light chain of myosin 50 -contractile responses were elevated in LRP1-deficient aortas compared with the aortas from WT mice ( Figure 1I ; P=0.003). These results reveal that although aortic muscle from smLRP1 −/− mice can contract in response to calyculin A, a role for LRP1 in regulating the contractile machinery is not revealed.
smLRP1-Regulated Expression of ActinAssociated and Cytoskeletal Proteins
The 3 major cytoskeletal filaments, microfilaments (actin), intermediate filaments, and microtubules, collectively define and maintain cell shape and structure and are key to important cellular events, including cell division, movement, and vesicular transport. 51 DTAs isolated from 15-week-old adult WT and smLRP1 −/− mice were analyzed by scanning electron microscopy and transmission electron microscopy. Numerous changes were observed in smLRP1 −/− aortas in VSMC cytoskeleton and its interaction with the medial ECM. In the vessels from WT mice, through attachments to dense bodies in the cytoplasm, and dense plaques on the membrane, VSMC actin cytoskeleton ( Figure IA in the online-only Data Supplement, white asterisk) forms connections with ECM molecules, including collagen fibers (white arrowhead) and elastic lamina, were extensive ( Figure IA in the online-only Data Supplement). Furthermore, synthetic organelles were less-abundant cytoplasmic components ( Figure IA in the online-only Data Supplement). The medial ECM of WT mice also showed numerous and highly organized collagen bundles with striations ( Figure IA and IC in the online-only Data Supplement, white arrowheads). In contrast, aortic media of smLRP1 −/− displayed highly disorganized ECM with unbundled, randomly dispersed collagen ( Figure IB and ID in the online-only Data Supplement, white arrowheads) and disrupted elastic lamina.
To identify potential mechanisms by which VSMC LRP1 regulates actin cytoskeleton interaction with adhesion molecules to form connections with the ECM and the effects of cytoskeletal remodeling on vascular contractility, we used quantitative proteomics to identify differentially expressed proteins in DTAs (Figure 2A ). Our quantitative proteomics data identified 245 differentially regulated proteins in smLRP1 −/− mice (represented as blue dots in Figure 2A ). This included a considerable number that have fundamental roles in actin polymerization and VSMC contraction ( Figure 2B ; Table II in the online-only Data Supplement). Several members of the intracellular elastincontractile unit, which is fundamental in linking and transmitting forces from elastin fibers to VSMCs, 52 were significantly downregulated in smLRP1 −/− mice ( Figure 2B ). A multiprotein integrin-associated complex provides a link between VSMCs and the ECM to enable mechanotransduction. 52 
LRP1 Expression in Adult SMCs Was Required for Maintaining a Contractile Phenotype
The contractile defect noted in smLRP1 −/− mice might arise from a vascular ECM that is improperly formed during development. Alternatively, LRP1 may be required for VSMC contraction and may alter intracellular signaling events. To test these 2 possibilities, we generated a mouse model containing an inducible Cre enzyme expressed in SMCs to allow ablation of lrp1 after tamoxifen injection. This ensures normal development of contractile SMCs and a functioning vascular ECM before temporally controlled ablation of LRP1. For these −/− mice was analyzed using the same aortic ring isometric contraction assays as the embryonic smLRP1-deficient tissue in which the same GPCRinduced vasoconstriction responses by 2 agonists were investigated: PE and U-46619. We detected significantly reduced contraction responses for both agonists in smaLRP1 −/− aortic rings compared with WT rings (Figure 3I and 3J; 60% PE ) mice (scale bars=20 μm). E, Immunoblot analysis of WT and smaLRP1 −/− aortic medial tissue extracts after tamoxifen administration using anti-LRP1 or anti-Hsp90 IgGs (n=3). F, Immunoblot analysis of WT and smLRP1 −/− aortic medial extracts using anti-LRP1 or anti-GAPDH IgGs (n=4). G and H, Quantification of immunoblots in E and F used NIH ImageJ software and was normalized to Hsp90 (*P=0.01) or GAPDH (**P=0.003). I-M, Isometric contraction assays were performed on aortic rings isolated from WT (vehicle induced) mice and tamoxifen-induced smaLRP1 −/− mice. Aortic rigs were incubated with phenylephrine (PE; I; n=8), U-46619 (J; n=8), KCl (K; n=8), FPL-64176 (L; n=8), or calyculin A (M; n=3), and force generation was recorded. The data represent mean±SEM. CIs (95%) are indicated by blue dashed lines. L indicates lumen. ***P<0.001.
response; blue dashed lines: 95% CIs and 40% U-46619 response; P<0.0001, respectively). High KCl concentrations also resulted in a significantly reduced contraction ( Figure 3K ; 55% response; P<0.0001). FPL-64176-induced vascular contraction was also significantly reduced in smaLRP1 −/− aortic rings, similar to the effect we observed in smLRP1 −/− aortic rings ( Figure 3L ; 30% response; P=0.0004). When aortic segments of smaLRP1 −/− mice were incubated with calyculin A, we detected a contractile response in LRP1-deficient aortas that was indistinguishable from contractile response of the aortas from WT mice (Figure 3M; P=0.932 ). This contractile response is similar to the effect we observed in smLRP1 −/− aortic rings, supporting our finding that LRP1 deficiency impacts regulation of Ca 2+ signaling events upstream of myosin phosphorylation by MYLK. Even though SMA-Cre-ER T2 knockdown (75%) was not as effective as SM22-Cre knockdown (90%; Figure 3C , 3D, 3F, 3H), residual levels of LRP1 protein in VSMCs of DTAs were not sufficient to rescue the defective contractile phenotype observed. These data further emphasize the importance of LRP1 expression in maintaining the contractile function of SMCs and that defective formation of the vascular ECM during development does not account for the contractile defect.
Voltage-Gated Ca 2+ Channel Auxiliary Subunit α 2 δ-1 Is a Novel LRP1 Ligand
The auxiliary α 2 δ subunits of voltage-gated Ca 2+ channels are extracellular membrane-associated proteins that function as a chaperone to increase the expression of functional voltage-gated Ca 2+ channels at the plasma membrane and increase Ca 2+ currents. 53,54 α 2 δ-1 is required for Ca v 1.2 membrane expression and SMC contractility. 55 Recent work from Kadurin et al 56 demonstrated that LRP1 influenced trafficking of the α 2 δ-1 subunit and, therefore, plasma membrane expression of Ca v 1.2 and Ca 2+ currents. We support this study further by showing that the α 2 δ-1 subunit binds directly to purified LRP1 using surface plasmon resonance experiments. The results revealed a concentration-dependent binding of α 2 δ-1 to the LRP1-coated sensor chip ( Figure 4A ). To determine the affinity of the interaction, the association data were fit to a pseudo-first order process to obtain R eq values for each concentration of α 2 δ-1. R eq values were then plotted as function of α 2 δ-1 total concentration from which a K D value of 48±24 nmol/L was obtained by nonlinear regression analysis ( Figure 4B ). LRP1 ligand binding, similar to LDL (low-density lipoprotein) receptor binding, requires Ca 2+ .
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Therefore, we repeated the surface plasmon resonance experiment in the presence of EDTA to confirm the specificity of α 2 δ-1 subunit binding to LRP1. We detected complete inhibition of α 2 δ-1 subunit binding to LRP1 in the presence of EDTA ( Figure 4C ).
SMC LRP1 Modulated RyR Responses
The plasticity that allows VSMCs to adapt to everchanging environmental cues and regulate their phenotype also allows subtle but significant changes in their Ca 2+ sensitivity. 15 It is well documented that changes in intracellular Ca 2+ concentration are central to contractile activation of VSMCs. 59 This signal can originate either from the extracellular environment or from intracellular stores. Ca 2+ -dependent relaxation is mediated by Ca 2+ release events through RyR channels in the sarcoplasmic reticulum. In arterial smooth muscle, local Ca 2+ release events, or Ca 2+ sparks, have been suggested to oppose myogenic vasoconstriction and to influence vasorelaxation by activating colocalized Ca 2+ -activated potassium channels. 17 To provide molecular information on the attenuated vascular contraction observed in LRP1-deficient aortic rings, intracellular Ca 2+ -dependent vasoactivity was examined by a commonly used RyR activator, 4-CmC. Experiments were performed on freshly isolated DTA rings from WT and smLRP1 −/− mice. Aortic rings were first incubated in high K + concentrations (100 mmol/L KCl) and then to 4-CmC. Aortic rings isolated from neither WT nor smLRP1 −/− mice responded to high K + ( Figure 5A ), and this is likely because of the possibility of already depolarized, therefore, unresponsive VSMCs. However, aortic rings isolated from WT mice responded to 4-CmC with a rapid release of Ca 2+ , and contraction was detected by fluorescence confocal microscopy ( Figure 5A ). In addition, the rate of Ca 2+ release was significantly slower in smLRP1-deficient aortic rings ( Figure 5B ; Movie I in the online-only Data Supplement; k=0.039±0.005 s −1 for WT and k=0.024±0.004 s −1 for smLRP1 −/− mice). In the absence of smLRP1, the Ca 2+ released upon 4-CmC incubation was significantly attenuated, and peak magnitudes of the 4-CmC-induced Ca 2+ transients were significantly lower than WT aortic rings ( Figure 5C ). To evaluate vasoconstriction responses on 4-CmC incubation under isometric conditions, we utilized aortic ring contraction assays as described previously. 4-CmC-induced vascular contraction was significantly reduced in aortic rings isolated from smLRP1 −/− mice compared with aortic rings isolated from WT mice ( Figure 5D ; 45% response; P<0.0001), supporting the attenuated Ca 2+ release detected by fluorescent confocal microscopy experiments. These data reveal a novel and essential role for LRP1 in modulating RyR sensitivity in VSMCs and regulating intracellular Ca 2+ levels, which in turn mediates VSMC contraction. release response was detected on 4-CmC treatment in WT VSMCs (t 1/2 =48±1.5; Figure 6C ) using the fluorescence-based fluo-4 NW Ca 2+ assay kit (Molecular Probes). Ca 2+ release was well described by a first-order process with a rate constant ) indicated by longer half-life (t 1/2 =71±2.6 s; Figure 6C ). These data demonstrate that similar to the aortic rings, primary isolated VSMCs from smLRP1 −/− mice have attenuated Ca 2+ release on RyR activation.
LRP1-Deficient Primary VSMCs
Discussion
We used mice with SMC-specific lrp1 deletion at distinct developmental stages to reveal a role for LRP1 in maintaining vascular homeostasis. Our results indicate that in the absence of SMC LRP1, VSMCs fail to respond to vasoactivators, which we propose is because of a defect in Ca 2+ signaling. This proposal is supported by several observations. First, our results reveal that the abundance of anchoring proteins, such as those linking SMC-specific α-actin to cytoplasmic dense bodies (eg, talin and filamin A), and contractile proteins (eg, myosin heavy chain and MYLK) was significantly attenuated in smLRP1 −/− aortas. Likewise, vascular contractile function was significantly attenuated in smLRP1 −/− aortas. Interestingly, we observed an elevated contractile response in LRP1-deficient aortas compared with aortas from WT mice on calyculin A incubation of aortic segments. This may be because of an increase in contraction by calyculin A, which counteracts a defect in the contractile machinery. A similar effect was also reported by Chen et al 61 where calyculin A incubation resulted in attenuating TNFα (tumor necrosis factor-α)-induced downregulation of MYLK activity of IKK2 (inhibitor of nuclear factor kappa-B kinase subunit beta) but not blockage of the classic MYLK pathway with an intracellular Ca 2+ chelator. Increased contractile force on calyculin A incubation has also been reported in a model of hypertension, which is associated with an increase in monophosphorylation and diphosphorylation of myosin regulatory light chain. 62 Calyculin A may also unmask basal activities of different Ser/Thr kinases other than MYLK, which may induce actin polymerization as reported in Leung et al. 63 In the absence of additional experiments, although aortic muscle from smLRP1 −/− mice can contract in response to calyculin A, a role for LRP1 in regulating the contractile machinery is not revealed and requires further investigation.
Second, we observed that LRP1 binds tightly to the voltage-gated Ca 2+ channel auxiliary subunit α 2 δ-1. Interestingly, a recent study proposed a plausible and exciting mechanism involving the endocytic function of LRP1. Kadurin demonstrated that the auxiliary α 2 δ-1 subunit of voltage-gated Ca 2+ channels coimmunoprecipitates with LRP1. Furthermore, overexpression of an LRP1 minireceptor affected activation of these Ca 2+ channels, possibly by regulating α 2 δ-1 subunit trafficking. Because α 2 δ-1 is essential for plasma membrane expression of voltage-gated Ca 2+ channels in VSMCs, dysregulation of α 2 δ-1 trafficking can directly block these channels and inhibit surface expression, leading to vasodilation. 55 We confirmed that purified LRP1 binds directly to α 2 δ-1 with high affinity, and these studies identify α 2 δ-1 as a novel LRP1 ligand. Through regulation of α 2 δ-1 plasma membrane expression and modulation of RyR responses, LRP1 may play key roles in excitation-contraction coupling and maintenance of Ca 2+ homeostasis. Further studies are necessary to reveal the exact molecular mechanism by which LRP1 modulates VSMC Ca 2+ signaling. Finally, we confirmed that the role of smooth muscle LRP1 in maintaining VSMC contractile function and Ca 2+ homeostasis is cell autonomous as isolated primary VSMCs from smLRP1 −/− mice retained the attenuated contractile phenotype observed in aortic rings.
Our previous study also reported a remarkable lack of attachment of medial VSMCs to the aortic wall ECM in the absence of LRP1. 20 This highly disorganized ECM in vessels from smLRP1 −/− mice was confirmed in the present study using scanning and transmission electron microscopy. Thus, LRP1 also contributes directly or indirectly to normal development of SMC-vascular ECM interactions that are critical for mechanosensing. Mechanisms by which LRP1 regulates ECM assembly are not fully understood at present. This may involve LRP1's role in trafficking integrin-β 1 to the cell surface independent of its endocytic function 64 and its involvement in adhesion-deadhesion of cells by mediating integrin and focal adhesion interactions. [64] [65] [66] In addition, it has been proposed that LRP1 facilitates detachment at the cell trailing edge by mediating internalization of integrin adhesion complexes.
66 LRP1 is also involved in mediating integrin-β 1 recruitment and subsequent stimulation of ILK signaling. 67 ILK is essential for actin polymerization and the formation of stress fibers and focal adhesions and, therefore, is known to strengthen integrin-cytoskeleton connections. Finally, LRP1 is known to regulate the extracellular activity of numerous proteases, which participate in the degradation of the ECM.
To determine whether ECM disruption and disorganization during vascular development contributes to a lack of SMC contractility we observed in adult mice, we conducted experiments in which LRP1 ablation was initiated in 7-week-old mice by a tamoxifen-inducible SMA-Cre and then measured the contractile responses in 15-week-old mice. The contractile response to multiple vasoconstrictors remained significantly attenuated when compared with WT mice even though no significant ECM remodeling was detected in smaLRP1 −/− mice. These results confirm that the diminished contractile responses in smaLRP1 −/− mice are likely because of a requirement for LRP1 expression in ensuring normal Ca 2+ signaling. The defective VSMC contraction observed in smLRP1 −/− mice provides mechanistic insight into why these mice develop spontaneous aneurysms, and studies utilizing mouse models and human genetic studies highlight the importance of LRP1 expression in protecting the vasculature from aneurysm formation. Two independent genome-wide association studies identified a susceptibility locus for abdominal aortic aneurysm within intron 1 of the LRP1 gene. 23, 68 In addition to previously reported associations with migraine and ischemic stroke risks, 69 ,70 the latest study shows an association of the same LRP1 SNP (single nucleotide polymorphisms) variant (rs11172113) with sporadic thoracic aortic dissection. 25 Interestingly, Chan et al 71 detected a significant reduction in LRP1 protein abundance in aortas from patients with abdominal aortic aneurysm. They demonstrated further that translational repression of LRP1 was caused by microRNA-205, resulting in excess accumulation of matrix metalloprotease 9 72 -a protease that directly degrades the ECM and an LRP1 ligand that accumulates in smLRP1 −/− mice. 73 Recently, exome sequencing identified a missense mutation in the LRP1 gene in 2 Marfan syndrome families. 24 These patient studies are supported by genetic studies in mice, which have confirmed an important role for LRP1 in protecting the vasculature from aneurysm development. 20, 27, 74 As a result of SMC-specific LRP1 deletion, dilatations were identified in the aortic root and descending aorta of aged mice 47 and proximal descending aorta of young adult mice. 20 smLRP1 deficiency also promoted angiotensin II-induced vascular disease by exacerbating ascending aorta and superior mesenteric artery dilation. 75 These studies also revealed several vascular pathologies, including tortuous aorta, aortic root and proximal descending aorta dilatations, extensive fragmentation of elastic fibers, aortic medial thickening, and evidence of increased TGF-β signaling. 20, 27 Collectively, these studies suggest an important role of LRP1 for vascular development, which is not confined to specific vascular beds but rather a general role that extends to multiple vasculature segments with different SMC lineages. Overall, our findings unveil a critical role for LRP1 in vascular development and homeostasis in which LRP1 modulates VSMC contraction by regulating calcium signaling events.
